We examined the role of retinoid-related orphan receptor (ROR)b, a member of the nuclear receptor family of transcription factors, in retinal neurogenesis. In situ hybridization studies showed that RORb is expressed in retinal progenitor cells in the embryonic rat retina. Further studies demonstrated that RORb colocalizes with Chx10, a transcription factor thought to influence retinal progenitor proliferation (Burmeister, M., Novak, J., Liang, M-Y., Basu, S., Ploder, L., Hawes, N.L. Vidgen, D., Hoover, F., Goldman, D., Kalnins, V.I., Roderick, T.H., Taylor, B.A., Hankin, M.H. and McInnes, R.R., 1996. Ocular retardation mouse caused by Chx10 homeobox null allele: impaired retinal progenitor proliferation and bipolar cell differentiation. Nat. Genet. 12, 376-383). Northern analysis reveals that RORb expression is dramatically decreased in the ocular retardation J mutant, which possesses a defect in the Chx10 gene. Overexpression of RORb in retinal progenitors by biolistic transfection results in an increase in the number of large cell clones. These data support a role for RORb in regulating retinal progenitor proliferation, possibly via the Chx10 gene.
Introduction
Retinal neurogenesis essentially involves the continuous occurrence of two main processes; the proliferation of retinal progenitor cells to allow for the growth of the developing retina and the differentiation of the various neuronal and glial cell types which make up the histology of the mature retina (reviewed by Reh, 1992; Adler, 1993; Lillien, 1994; Harris, 1997) . The molecular mechanisms which determine whether a progenitor cell continues to proliferate or leaves the cell cycle to differentiate are largely unknown. With respect to retinal development, however, some insight might be provided in the identification of a number of transcription factors which, when absent or misexpressed, produce drastic changes in eye development (reviewed by Freund et al., 1996) . For example, mice which are heterozygous mutants for Pax6 have small eyes (Hogan et al., 1988 ; small eye mutant), while homozygous mutants do not have eyes, and this is due to a stall in eye development at the optic vesicle stage (Grindley et al., 1995) . Mice which are deficient in Chx10 (Liu et al., 1994 ; ocular retardation J mutant) have a small eye phenotype which is thought to be due to a defect in cell proliferation (Konyukhov and Sazhina, 1971; Burmeister et al., 1996) . In addition, deletion of the Rx homeobox gene in mice causes a complete failure of optic vesicle formation, and overexpression in Xenopus embryos results in hyperproliferation of retinal cells as well as the pigmented epithelium (Mathers et al., 1997) . Thus, a number of transcription factors important in eye development may function as regulators of cell proliferation.
Recent studies have implicated another class of transcription factors, the monomeric orphan nuclear receptors, in the regulation of proliferation and differentiation of a variety of tissues, including neural tissue (Chawla and Lazar, 1993; Downes et al., 1995; Hamilton et al., 1996; Zetterström et al., 1997) . The monomeric orphan nuclear receptors are a subset of the nuclear receptor superfamily of transcription factors (reviewed by Mangelsdorf et al., 1995) . These transcription factors bind DNA as monomers at a single half site. DNA binding specificity is conferred by the sequence 5′ to the half-site (Harding and Lazar, 1993; Wilson et al., 1993; McBroom et al., 1995) . As many members of this class were identified by sequence homology, the ligands for these receptors are unknown, and it is possible that some members of this class function in the absence of ligand (Power et al., 1991; Rangarajan et al., 1992) . The staggerer mouse, long known to have defects in cerebellar growth and differentiation, was recently shown to have a mutation in RORa (retinoid-related orphan receptor a), a member of this class of molecules (Hamilton et al., 1996) . Recent targeted disruptions of this gene have also been shown to cause a similar phenotype to the staggerer mutation (Dussault et al., 1998; Steinmayer et al., 1998) . Dopaminergic neurons from the midbrain fail to form when Nurr1, another member of this class, is deleted in mice (Zetterström et al., 1997) . Studies in other tissues have shown that members of the monomeric orphan receptor class of transcription factors can also regulate proliferation of progenitor cells. Constitutive expression of Rev-erbAa inhibits the differentiation of C2C12 myoblasts and blocks MyoD and myogenin expression (Downes et al., 1995) . Moreover, RORa has been shown to regulate N-myc expression, and transfection promotes the proliferation of rat embryonic fibroblasts (Dussault and Giguère, 1997) .
RORb was identified by Carlberg et al. (1994) as a member of the monomeric orphan receptor class of transcription factors. The investigators characterized RORb as a brainspecific transcription factor highly expressed in adult retina, pineal gland and suprachiasmatic nucleus Carlberg et al., 1994) . Lower levels of expression were detected in other brain regions, but no expression was observed in non-neural tissue. In the initial studies of this gene, it was proposed that RORb might act as a nuclear melatonin receptor . However, these studies have now been called into question (BeckerAndré et al., 1997) and so the role of this molecule in the mature retina, as well as the identity of its ligand remains undetermined. Given the importance of related factors in the regulation of progenitor proliferation and differentiation in other areas of the nervous system, we have investigated the developmental expression of RORb in the rat retina, and examined the effects of overexpression on the proliferation of retinal progenitor cells. Moreover, we have found that RORb is specifically downregulated in the ocular retardation J mutant (Burmeister et al., 1996) , suggesting that it may be one of the targets of the homeodomain protein, Chx10, and be part of the mechanism by which mutations in this gene cause a small eye phenotype.
Results

RORb is highly and specifically expressed in the developing retina
In an attempt to identify transcription factors important in retinal neurogenesis, we used the technique of degenerate RT-PCR to amplify members of the monomeric orphan nuclear receptor class of transcription factors. We amplified an 800 bp fragment from embryonic day 18 (E18) rat retina which, when cloned and sequenced, was found to be RORb, a monomeric orphan nuclear receptor previously described by Carlberg et al. (1994) .
While the expression of RORb has been described in both the adult and the developing embryo Schaeren-Weimers et al., 1997) , we wished to more extensively study the expression and function of RORb in the developing retina. To determine whether RORb could play a role in the regulation of retinal progenitors, we first analyzed its expression by Northern analysis of retina and brain RNA at several stages of development (Fig. 1) . RORb expression is detected as early as E13.5 in the developing eye, and expression in the retina continues throughout embryonic and postnatal development (Fig. 1) . The early expression of RORb suggests that it is expressed in retinal progenitor cells, and this is supported by in situ hybridization data (see below). To determine whether RORb is expressed in all CNS progenitor cells during embryonic development, or is specifically expressed in retinal progenitor cells, we also examined the expression of RORb in the embryonic brain vesicles. At both E15 and at E18, RORb is expressed at barely detectable levels in all brain vesicles examined (telencephalon, diencephalon, mesencephalon, rhombencephalon) compared with the very high levels of expression in the retina (Fig. 1) . Studies by Schaeren-Weimers et al. (1997) confirm that the expression of RORb in the embryonic brain is very restricted (e.g. cortex, pineal gland, suprachiasmatic nucleus). Moreover, expression of RORb in the ventricular zone, where the progenitor cells are localized, was primarily confined to the area of the ganglionic eminence (future striatum). Thus, RORb expression in progenitor cells is highly restricted and is nearly specific to the developing retina. Fig. 1 . Northern analysis of RORb expression during rat retinal development. 20 mg of total RNA were loaded into each lane. RORb is expressed in the retina as early as E13.5 (lane 2) and continues to be expressed throughout embryonic (lanes 2-4) and postnatal (lanes 5-7) development. Note that lanes 2-3 represent RNA from whole eye tissue rather than retina. RORb expression is very low in the embryonic brain vesicles both at E15 (lanes 9-12) and E18 (lanes 13-16). RORb is also expressed in Y79 retinoblastoma cells (lane 1). The blot was also probed with bactin to normalize for differences in loading. Abbreviations: tel, telencephalon; dien, diencephalon; mes, mesencephalon; rhomb, rhombencephalon.
Northern analysis also revealed multiple transcripts hybridizing with the probe for RORb (Fig. 1) . These are 8, 3, 2 and 1.3 kb in length. The multiple transcripts most likely represent RORb, and not RORa, since the identity between these two transcripts in the region recognized by our probe is only 64%. In addition, these results are consistent with a previous study of RORb expression in adult animals . Although the various transcripts of RORb are expressed in different amounts (Fig. 1) , there is an overall increase in the level of RORb expression as development proceeds, regardless of the size of the transcript. Levels of the 8 and 2 kb transcripts appear to change in a similar manner, in terms of the amount of transcript, and in the gradual manner in which expression increases. The 3 and 1.3 kb transcripts appear to be expressed at very low levels early in development, and then are dramatically upregulated later in development at E18.
RORb is also expressed in the Y79 retinoblastoma cell line (Fig. 1, lane 1) , a cell line thought to originate from retinal progenitor cells (reviewed by Campbell and Chader, 1988) . Similar to the expression pattern early in rat retinal development, Y79 cells express an 8 kb RORb transcript and low levels of a 1.3 kb transcript. Notably, Y79 cells do not express much of the 2 kb transcript which is present at relatively high levels in primary retinal cells, but express relatively higher levels of the 3 kb transcript (Fig. 1). 
RORb is expressed in retinal progenitor cells early in development
The expression of RORb in the early optic cup stages of retinal development is consistent with a role for this gene in retinal progenitor cells. However, since both postmitotic, newly differentiating neurons, as well as progenitor cells, are present at E13 in the rat, we used in situ hybridization to determine which cells in the developing rat retina express the gene. In addition, we compared the expression pattern of RORb in the retina with that of two other transcription factors critical for normal retinal development, Chx10 and Pax6.
The results of the in situ hybridization studies confirm and extend the Northern analysis. RORb is not expressed in the optic vesicle at E12 (Fig. 2a) , but begins shortly after, at the optic cup stage of development, at E12.5 (Fig. 3c) . At this time, Pax6 and Chx10 are already highly expressed in the eye and other regions of the embryo ( Fig. 3a and b , Fig. 4 . Sections (12 mm) of whole mount in situ hybridizations of rat retinas at various stages of development, comparing RORb, Chx10 and Pax6 expression. (A) E18 and P0 expression. At E18, note that both RORb and Chx10 expression is localized to the outer progenitor zone (PZ), and not in the ganglion cells (GCL). Pax6 expression is throughout the retina, in both the progenitor zone and in the ganglion cells. At P0, the expression patterns of RORb and Chx10 are very similar. (B) P4 and P6 expression. At P4, RORb is expressed in photoreceptors (pr), amacrine cells (ama) and ganglion cells (gcl). By P6, expression has dramatically decreased in the photoreceptors. Note the continued expression of RORb in the inner nuclear layer (inl), which contains bipolar neurons and amacrine cells. Chx10 expression becomes restricted to differentiating bipolar neurons (bip). Pax6 expression continues in horizontal cells (hor), amacrine cells (ama) and ganglion cells (gcl). Abbreviations: PZ, progenitor zone; GCL (gcl), ganglion cell layer; AMA (ama), amacrine cells, ONL, outer nuclear layer; INL, inner nuclear layer. Scale bar, 100 mm. respectively). The expression of RORb is evident at E13.5 and E15, where it is localized to the progenitor cells of the developing retina. (Fig. 2b,c) . Notably, RORb transcripts were not detected in the pigmented epithelium (the brown pigment granules can be distinguished from the purplish crystals of the alkaline phosphatase reaction product because of their apical localization within the pigment epithelial cells), lens, or the extraocular tissue at any of the stages we examined.
The expression of RORb in the embryonic retina overlaps with that of Chx10 and Pax6. Fig. 4a shows that RORb is highly expressed in the progenitor zone at E18, but is not expressed in the developing ganglion cell layer. Similarly, both Chx10 and Pax6 are highly expressed in the progenitor zone, though Pax6 is also expressed in differentiated ganglion cells. These observations suggest that all three of these genes play a role in regulating retinal progenitor cells. At postnatal day 0 (P0), expression of RORb continues in progenitor cells. At this time photoreceptors have begun to differentiate in the outer retina, and so some of the RORb expressing cells localized in the outer retina may also be photoreceptors. Similarly, Chx10 continues to be expressed in progenitor cells at P0. While Pax6 is also expressed in progenitor cells at P0, it is most abundantly expressed in differentiated neurons: horizontal cells, amacrine cells and ganglion cells (Fig. 4a) .
Over the first week of postnatal development, there is a shift in the pattern of expression of RORb from the progenitor cells to the differentiating neurons (Fig. 4b) . At P4, it is evident that RORb is also expressed in the photoreceptors, amacrine cells and ganglion cells. At P6, there is a downregulation of RORb expression in the outer photoreceptor layer, while expression continues in the bipolar cells, amacrine cells and ganglion cells. This expression pattern is similar to that reported by Becker-André et al. (1994) in the adult retina. The shift to expression in differentiated neurons similarly occurs with Chx10, which appears to become confined to differentiating bipolar neurons at P4 and P6. The expression of Pax6 continues in the horizontal cells, amacrine cells and ganglion cells at these later ages. The expression patterns of Chx10 and Pax6 in the rat retina are consistent with and extend what has already been observed in mouse (Walther and Gruss, 1991; Liu et al., 1994) , chick (Li et al., 1994; Belecky-Adams et al., 1997) , and teleost fish (Krause et al., 1991; Püschel et al., 1992; Levine et al., 1994 Levine et al., , 1997 Hitchcock et al., 1996; Passini et al., 1997) .
In summary, at early stages of development, RORb is coexpressed in retinal progenitor cells with other transcription factors important for eye development, suggesting that RORb could possibly be regulated by these factors.
RORb is downregulated in the ocular retardation j mutant
To explore the possibility that RORb is regulated by transcription factors important for eye development, we examined further the relationship between RORb and Chx10. We did this by studying the regulation of RORb in the ocular retardation J (or J ) mouse, which has a recessive mutation in Chx10 (Burmeister et al., 1996) . Interestingly, Chx10 is first detected at E9.5 in the mouse retina (Liu et al., 1994) , prior to the onset of RORb expression. Moreover, these mice are characterized by a small eye phenotype, thought to be partially a result of a defect in progenitor cell proliferation (Konyukhov and Sazhina, 1971; Burmeister et al., 1996) . Since there is some evidence that RORb may influence the expression of cell cycle regulatory genes (Schräder et al., 1996; Dussault and Giguère, 1997) , we were interested in determining whether the cell proliferation defect in or J could be explained by effects of Chx10 on RORb.
To determine whether there were any changes in RORb expression as a result of loss of Chx10, we collected retinas from P0 mice homozygous for the or J mutation, and extracted RNA for Northern analysis. We compared the expression of RORb in these retinas with those taken from wild-type or heterozygous littermates (the heterozygote has no visible eye phenotype). As shown in Fig. 5a , there is a considerable decrease in the level of RORb expression in or J− mice versus their or J+ littermates. A decrease in RORb transcript levels was consistently observed in three separate experiments (as determined by densitometry of the 8 kb transcript). These results suggest that RORb expression may be regulated by Chx10.
To determine whether the decline in RORb expression was a reflection of a decline in the expression of other genes expressed in retinal progenitor cells, we probed the same blot with three other cDNA probes that recognize genes expressed in retinal progenitor cells: N-myc (Hirning et al., 1991) , Pax6 and bactin. None of these genes showed a change in expression in the mutant animals ( Fig. 5b, c, d ),
indicating that the decline in RORb expression is not due to a general decrease in all genes expressed by retinal progenitor cells.
Based on the Northern data, we further examined the expression of RORb in the or J mice by in situ hybridization to look for changes in the pattern or level of RORb expression. As shown in Fig. 6a , RORb at P0 is normally expressed in the outer retina where the progenitor cells are localized, and where photoreceptors are differentiating. In particular, the normal expression of RORb extends all the way to the periphery of the retina, which is the most immature part of the retina, and contains relatively more progenitor cells than the central retina. In contrast, RORb expression in homozygous or J mice, though present in the central retina, was not expressed or expressed at very low levels in the periphery of the retina (Fig. 6b,c) . Interestingly, the pattern of BrdU uptake over a 24 h period in vitro in P0 homozygous or J retinas closely resembles that of RORb expression, in that uptake is very low at the periphery of the mutant retinas (Fig. 6d ).
Overexpression of RORb in retinal progenitor cells causes an increase in clone size
The decrease in RORb expression in the or J mutant is of interest in light of the possibility that the mutation causes defects in cell proliferation (Konyukhov and Sazhina, 1971; Burmeister et al., 1996) . To more directly assess whether RORb is involved in regulating cell proliferation, we wanted to determine the effects of overexpressing RORb in the developing retina. To do this, we used a method called biolistic transfection (Williams et al., 1991; Yang et al., 1990; Jiao et al., 1993; Lo et al., 1994; Levine et al., 1995) , in which micron-size gold particles are coated with DNA and accelerated at high velocity to penetrate target cells or tissue. We have modified parameters of the technique to optimize transfection efficiency of retinal cells (see Section 4.5). Initial experiments were performed to determine whether progenitor cells in fact could be transfected in our system, and also to determine transfection efficiency. To transfect progenitor cells, bombardments were directed towards the ventricular side of embryonic retinas, where the majority of progenitor cells are localized. Embryonic retinas were transfected with a green fluorescent protein (GFP) expression construct in order to visualize the transfected cells. After bombardment, retinas were cultured for 1-3 days. Fig. 7a shows a rat retina fixed shortly after transfection with the GFP construct. The GFP-labelled cells have a morphology consistent with that previously described for retinal progenitor cells (Hinds and Hinds, 1974) , with long processes extending both vitreally and to the ventricular surface. The majority of GFP-labelled cells we observed had this progenitor-like morphology. Fig. 7c shows that the gold particles used to transfect the cells are primarily located in the outer half of the retina, consistent with the fact that inner retinal cells (such as ganglion cells and amacrine cells) are less likely to receive and express the transgene after transfections directed to the ventricular surface. Gold particles can be readily identified within GFP positive cells (Fig. 7b) .
We also analyzed the degree of co-transfection using dissociated cultures of retinal cells. For these experiments, we co-transfected the GFP expression construct with a myc-epitope tag expression construct. As in the intact retinal trans- fections, only a small fraction of the cells in the cultures are successfully transfected with the transgenes; however, at 7.5 h post-transfection, nearly 100% of the cells that expressed GFP also expressed the myc epitope tag. Therefore, this technique is suitable for misexpression of genes in retinal progenitor cells with a high co-transfection efficiency.
To assess the effects of RORb overexpression in the retina, we transfected the progenitor zone of E19 rat retinas with one of the following different DNA mixtures: (1) a control expression construct, encoding for either GFP or bgalactosidase; (2) a 1:1 mixture of the control construct and an RORb expression construct coding for the 2 kb transcript; (3) a 1:1 mixture of the control construct and a truncated RORb expression construct lacking the AF-2 transactivation domain (DRORb). We expected this construct to either be inactive or act in a dominant-negative fashion and therefore have no or opposite effects on cell proliferation (Greiner et al., 1996; Ito et al., 1998) . After bombardment, retinas were cultured for 1-3 days. Transfected cells were visualized either directly by fluorescence of GFP, or by reacting in X-gal staining solution (to visualize bgalactosidase). Based on our initial experiments, we were confident that GFP (or bgalactosidase) expressing cells also expressed either RORb or DRORb.
As outlined earlier, several lines of evidence indicated that RORb might have a role in regulating the proliferation of retinal progenitor cells. We were therefore interested in determining whether the overexpression of RORb would have any effects on the proliferation of retinal progenitor cells. To assay retinal progenitor cell proliferation, we flatmounted the transfected retinas onto coverslips and examined the positions of labelled cells. We took advantage of the fact that only 50-100 cells were transfected in a typical experiment; usually there were large spaces of unlabelled cells between cells expressing the transgene. In addition, most cells which proliferate in the retina tend to expand in columns within the retina, with little radial dispersion (Turner and Cepko, 1987; Wetts and Fraser, 1988) . Both of these observations allowed us to define cell clusters as clones derived from a single transfected retinal progenitor when (1) the cells of a cluster were in direct contact or no more than a single cell diameter apart and (2) there were no other labelled cells within at least ten cell diameters (and usually much more). In addition, when epidermal growth factor (EGF), a known retinal mitogen (Anchan et al., 1991; Lillien and Cepko, 1992) , was added to the culture medium, there was an increase in the number of cell clusters and a concomitant decline in the number of single, isolated cells (Fig. 8a ). Fig. 7d shows an example of a single cell clone labelled with GFP, while Fig. 7e is an example of a radial array of Ͼthree cells which were probably a result of expansion of a single transfected cell. Note that the retinal histology is shown in sections rather than in flat-mounts so that cell morphology and the shape of the clusters, which are typical of those seen by Turner and Cepko (1987) , can be more readily observed.
We assessed the effects of overexpression of RORb on proliferation by counting the number of one-, two-and ≥three-cell clones in retinas transfected with the various constructs. Retinas were cultured post-transfection for 3 days in either the absence or presence of EGF. The addition of EGF was used to detect any inhibitory effects of RORb or DRORb on proliferation. In the absence of EGF, we did not see any significant differences in clone size between control transfections and transfections with RORb or DRORb. There did, however, seem to be a trend towards a decrease in one-cell clones, and an increase in the number of ≥three-cell clones in RORb-transfected retinas, which was not seen figure. No difference from the control is seen when a truncated RORb (delta-ROR) is transfected. Retinas were cultured for 3 days post-transfection in the presence of EGF (40 ng/ml). Numbers in brackets represent the number of retinas analyzed for each group of transfections. The decrease in the number of one-cell clones when RORb is overexpressed is significant (*P Ͻ 0.009; unpaired t-test), as is the increase in the number of ≥ three-cell clones (**P Ͻ 0.002; unpaired t-test). Error bars represent SEM.
in retinas transfected with DRORb (data not shown). Interestingly, when we did the same experiment in the presence of EGF, overexpression of RORb resulted in a significant (P Ͻ 0.009) increase in the number of ≥three cell clones, and a corresponding significant (P Ͻ 0.002) decline in the number of single isolated cells, when compared with the control transfected retinas (Fig. 8b) . In contrast, there was no effect of DRORb (Fig. 8b) . There was no change in the number of two-cell clones (data not shown). The numbers represented in the graph are the means of a total of 1245 clones analyzed in 37 retinas, from six independent experiments (Table 1 ). The effect on clone size was present in all of the retinas we examined as well as in the mean values summed from all experiments. Thus, overexpression of RORb in the developing retina appears to maintain progenitor cell proliferation. Moreover, the effect of RORb on cell proliferation seems to be potentiated in the presence of EGF.
Discussion
We have described in this study, the developmental expression and functional characterization of a transcription factor, RORb, which is highly expressed in the retina during embryonic and postnatal development. The similarity of expression of RORb and Chx10, the downregulation of RORb in the or J mutant retina, and the results from experimental overexpression of RORb, are all consistent with the hypothesis that this class of transcription factors is important in the regulation of cell proliferation in the developing retina.
The expression pattern of RORb has been previously described in the adult Park et al., 1997) , and here we describe the developmental expression pattern of RORb in the retina, which confirms and extends the observations of Schaeren-Weimers et al. (1997) We have shown by Northern analysis and in situ hybridization that the expression of RORb during development is specific to retinal progenitor cells, with little expression in the embryonic brain vesicles. This suggests that RORb plays a role specifically in retinal neurogenesis. Though RORb is expressed in other regions of the embryonic CNS (Park et al., 1996; Schaeren-Weimers et al., 1997 ), it appears that this expression is mainly confined to postmitotic cells (i.e. localized outside of the ventricular zone) and may therefore reflect a function of RORb distinct from neurogenesis (Schaeren-Weimers et al., 1997). BrdU uptake studies similarly indicate that RORb expression begins after neurogenesis in the developing cortex (M. Levin, personal communication).
The expression of RORb in retinal progenitor cells and not in ganglion cells during embryonic development, suggests that RORb plays a role in maintaining some aspect of the retinal progenitor phenotype. The results of the biolistic transfection experiments (see below for further discussion) support a role for RORb in retinal cell proliferation. Interestingly, an orphan receptor of the nuclear receptor family, tailless, has been recently implicated in the regulation of neural progenitor proliferation (Monaghan et al., 1997) . Targeted disruption of this gene in mice results in a dramatic reduction in size of a number of rhinencephalic and limbic structures.
With respect to the biolistic transfection experiments, a number of points are notable. First of all, the increase in the number of ≥three-cell clones in retinas transfected with RORb is accompanied by a decrease in the number of one-cell clones, with no significant change in the number of two-cell clones. This is consistent with a role for RORb in promoting proliferation, thus shifting the distribution towards larger clone size. Secondly, the levels of RORb endogenously expressed in retina appear not to be saturating, as overexpression clearly produces an effect in our system. Thirdly, we did not see a dominant-negative effect of DRORb on cell proliferation, though this construct lacks the AF-2 transactivation domain. Members of the nuclear receptor family of molecules require the AF-2 domain for transcriptional activation. While some studies have shown this deletion can cause the molecule to behave as a consti- a Indicates missing analyses due to retinas which were bombarded, but which had too few bgal or GFP positive cells to count. b Indicates no retinas for this treatment group were included in the experiment, because an analysis of only the control group was done against another group not shown here. All retinas indicated here were cultured in the presence of EGF (40 ng/ml) for 3 days post-transfection. Analyses of all other experiments performed are not shown here. Note that the 'Number of Clones Counted' does not refer to the total number of clones present in each retina. A representative sample of clones was counted in each retina.
tutive repressor (e.g. Greiner et al., 1996) , other reports indicate that the elimination of the AF-2 domain inactivates the protein (e.g. Ito et al., 1998) . In our assay, the latter seems to be the case, since the cells transfected with DROR develop no differently from the control transfected cells. Finally, the effects of overexpressing RORb in retinal progenitor cells appear to occur independently of the addition of ligand. This is not unusual, however, as others have observed effects of transfecting other members of the monomeric orphan receptor class of transcription factors in the absence of added ligand (Downes et al., 1995) . These investigators and others (Fahrner et al., 1990; Power et al., 1991; Rangarajan et al., 1992 ) also provided evidence that phosphorylation can play a role in modulating the transactivating activity of these receptors. Power et al. (1991) have shown that COUP-TF (an orphan nuclear receptor) activation can be stimulated by dopamine, an event thought to be mediated by phosphorylation. Interestingly, the effect of overexpressing RORb appears to be potentiated in the presence of EGF. One might speculate that activation of the receptor tyrosine kinase signal transduction pathway results in phosphorylation of RORb, thus modulating its activity. Consistent with the evidence that RORb influences cell proliferation is the observation that RORb expression is dramatically downregulated in homozygous or J mice. Ocular retardation has been extensively studied (Konyukhov and Sazhina, 1971; Theiler et al., 1976; Robb et al., 1978; Burmeister et al., 1996) , and is characterized by a number of retinal defects, which include a reduced rate of proliferation of retinal progenitors (Konyukhov and Sazhina, 1971; Burmeister et al., 1996) , as well as a deficit of bipolar neurons (Burmeister et al., 1996) . The defective gene in or J , Chx10 (Liu et al., 1994; Burmeister et al., 1996) , has orthologs in goldfish (Vsx-1 and Vsx-2; Levine and Schechter, 1993; 1994 Passini et al., 1997) , and inactivation of the zebrafish ortholog, Alx, by antisense oligonucleotides, produces a microphthalmia similar to that seen in or J mutants (Barabino et al., 1997) . Our observation that RORb expression is decreased in homozygous or J mice suggests that the transcription factor Chx10 is upstream of RORb and may therefore directly or indirectly regulate the transcription of RORb. Since the small eye phenotype of or is thought to be partially due to a defect in retinal progenitor proliferation, it is possible that Chx10 is acting through RORb to influence cell proliferation. Interestingly, in situ hybridization of or J mutant retinas suggests that the expression of RORb is most reduced in the periphery of the retina, which is the most immature part of the retina, and therefore contains relatively more progenitor cells than the central retina. This pattern of RORb expression in the or J retina is strikingly similar to the reduction of BrdU uptake in the periphery of the or J mutant retina, first observed by Burmeister et al. (1996) , and confirmed in our studies (see Fig. 6d ). These results provide additional support for a link between Chx10 and RORb in the regulation of retinal progenitor proliferation. Recent studies have shown that some of the downstream targets of RORb include cell cycle regulators such as the cell cycle inhibitor p21 (Schräder et al., 1996) and N-myc (Dussault and Giguère, 1997) . Interestingly, we did not see a change in the expression of N-myc in the or J mutant. This could be due to a number of reasons. First of all, N-myc is expressed not only in the progenitor cells of the developing retina, but at very high levels in postmitotic ganglion cells (Hirning et al., 1991) . Thus, it is possible that the levels of N-myc in the ganglion cells mask any change in N-myc expression in the progenitor cells. Second, it is possible that N-myc is regulated in ways other than by RORb, and third, perhaps RORb does not regulate N-myc in vivo at all. Despite these observations, the evidence that RORb plays a role in cell proliferation makes it probable that targets of RORb involve cell cycle regulatory genes. Thus, RORb may provide a link between homeodomain transcription factors and effectors of cell proliferation.
Members of the monomeric orphan nuclear receptor family can also act as cofactors for transcriptional activation by homeodomain transcription factors (Guichet et al., 1997; Yu et al., 1997) . Specifically, the investigators reported that the orphan receptor Ftz-F1 acts to increase binding of the homeodomain protein Ftz to DNA, and that it does this by directly interacting with a conserved domain in the Ftz polypeptide. From these data, and the observation that RORb and Chx10 transcripts co-localize, it is possible that RORb could also act as a cofactor for paired homeodomain transcription factors such as Chx10. Interestingly, RORb expression in the adult animal is restricted to neuralderived tissues Carlberg et al., 1994) , and moreover, evidence suggests that it is only able to activate transcription in neural cell lines (Greiner et al., 1996) . An interaction between RORb and Chx10 such as described above might be an explanation for why transcriptional activation by RORb only occurs in neural tissue.
In situ hybridization analysis of RORb expression shows that at later postnatal stages of development, RORb is expressed in differentiated neurons. Thus, at P4, RORb is present in photoreceptors, amacrine cells and ganglion cells, long after these cells have reached their final mitoses. Later, at P6, RORb declines in the photoreceptor layer, while expression remains in the bipolar cells, amacrine cells and ganglion cells. Thus, RORb seems to have a role early in development in progenitor proliferation, but then a role later in development and adulthood in differentiated cells. A multifunctional role seems to be a recurrent theme with many transcription factors expressed during development. For instance, Chx10 is later expressed in differentiating bipolar cells, and Pax6 is first expressed in progenitor cells, but is later confined to horizontal cells, amacrine cells and ganglion cells. The role of these transcription factors at later stages of development is unknown.
A gene closely related to RORb (and binds to similar DNA response elements) known as RORa, is the defective gene in the mouse mutant staggerer (Hamilton et al., 1996) . This mutant is characterized by cerebellar ataxia due to abnormal development of the cerebellar Purkinje cells and a dramatic reduction in granule cell number (Sidman et al., 1962) . Studies by Yoon (1972) have shown that the granule cells in the external granule cell layer of the mutant exhibit a reduced rate of proliferation and premature migration from the layer. Moreover, the cerebellum of adult animals is onethird the size of normal animals (Sidman et al., 1962; Dussault et al., 1998; Steinmayer et al., 1998) , suggesting that there may an underlying proliferative defect as a result of RORa disruption. In addition, the Purkinje cells in staggerer have an immature phenotype: they are smaller in size (Sidman, 1968 (Sidman, , 1972 Herrup and Mullen, 1979) ; they persist in expressing embryonic cell surface antigens during adulthood (Hatten and Messer, 1978; Edelman and Chuong, 1982) and they are devoid of tertiary branchlet spines (Landis, 1971; Landis and Sidman, 1978) . RORa is expressed at low levels early in cerebellar development (P4-P7) in both the external granule cell layer (EGL), and in the Purkinje cell layer (however, see Nakagawa et al., 1997) . Later in development, after granule cells have emigrated from the EGL (P16-P90), it is only expressed in the Purkinje cell layer (Sashihara et al., 1996) . Thus, RORa appears to have two distinct roles during cerebellar development, as originally suggested by Yoon (1972 Yoon ( , 1976 , first to promote the proliferation of granule cell precursors in the EGL, and second for the maturation of the cerebellar Purkinje cells. These two functions may relate to the developmental changes in the expression of RORa isoforms (Sashihara et al., 1996) that could alter specificity for DNA binding and transactivation . The parallels between the staggerer and or defects, especially with respect to the cell proliferation defects, are notable, and it is possible that RORb (functioning as a mediator of Chx10), plays an analogous role in the retina to that of RORa in the cerebellum.
In summary, we have described in the retina the developmental expression pattern of a member of the monomeric orphan nuclear receptor family of transcription factors, RORb. We have shown that RORb is highly expressed during retinal development, and that overexpression of RORb in retinal progenitors stimulates their proliferation. These data, along with evidence for a specific reduction in RORb expression in the or J mutant, supports a role for RORb in regulating retinal progenitor proliferation.
Experimental procedures
Dissection of retinas
Timed pregnant Long Evans rats (Simonsen Laboratories) were sacrificed using CO 2 at various gestation times. Embryos ranging in age from E12-18 were removed by Caesarian section and placed into sterile, ice cold Hank's balanced saline solution (HBSS; Gibco BRL) buffered with HEPES and supplemented with 0.6% glucose. The eyes of the embryos were enucleated and placed into fresh HBSS. The lens, pigmented epithelium and extraocular tissue were dissected from the eye, leaving the retinas intact. For postnatal tissue, rat pups were sacrificed before enucleation of the eyes. Tissue for in situ hybridization (see below) and RNA extraction was collected under RNase free conditions. For whole mount in situ hybridization, retinas were dissected as described above. For in situ hybridization of sections, only the lens was removed and the eye cup subsequently processed for cryosectioning.
Degenerate RT-PCR
Degenerate oligonucleotide primers were designed to amplify members of the ROR/Rev-erb family of transcription factors (Lazar et al., 1989; Carlberg et al., 1994; Dumas et al., 1994; Forman et al., 1994; Giguère et al., 1994; Hirose et al., 1994; Retnakaran et al., 1994) . The 5′ degenerate primer corresponds to amino acid sequence CEGCK, found within the P box, a region coding for residues in the first zinc finger of the DNA binding domain, and which interacts with the consensus half site of the DNA response element. It is conserved within all members of the nuclear receptor family of transcription factors (Danielsen et al., 1989; Mader et al., 1989; Umesono and Evans, 1989) . The 3′ degenerate primer corresponds to amino acid sequence EFAK, which is found within a segment of the ligand binding domain containing sequences important for receptor dimerization (t i region; Forman and Samuels, 1990 ). This sequence is conserved amongst the members of the ROR/Rev-erb family. RNA was extracted from E18 retinas using a commercially available reagent (Trizol; Gibco BRL). 1-5 mg of RNA was reverse transcribed in the presence of 1 mM dNTPs, 20 units of RNAsin, 5 pmol/ml random hexamers, 10 mM DTT, and 200 units of Superscript reverse transcriptase enzyme (Gibco BRL) in a buffer containing 50 mM KCl, 20 mM Tris-Cl, pH 8.3, 2.5 mM MgCl 2 and gelatin. The reverse transcription reaction was carried out at 37°C for 1 h. Reactions carried out in the absence of enzyme were used as a control for genomic contamination.
The PCR was carried out in the presence of 640 pmol of each primer and 1.5 mM MgCl 2 in a 100 ml reaction. Cycling parameters were: segment 1, 94°C for 5 min; segment 2 (3 cycles), 94°C for 30 s, 37°C for 30 s, 72°C for 1.5 min; segment 3 (30 cycles), 94°C for 30 s, 55°C for 30 s, 72°C for 1.5 min; segment 4, 72°C for 7 min, hold at 4°C.
An 800 bp PCR fragment was detected with an internal degenerate oligonucleotide probe corresponding to the peptide sequence DAV(R/K)FG by Southern blotting and hybridization. The fragment was gel purified and subsequently cloned using the TA cloning kit (Invitrogen) according to the manufacturer's instructions. Sequencing was carried out using dye terminator cycle sequencing (Perkin Elmer). Samples were processed in an automatic sequencing apparatus available through a core facility at the University of Washington.
Northern analysis
RNA was extracted from retinas obtained from embryos at various stages of development as described above. 15-30 mg of RNA was lyophilized in a tube. To this was added 2 ml of diethyl pyrocarbonate (DEPC)-treated water, and 10 ml RNA loading buffer containing 50% formamide, 7.4% formaldehyde, 1 × MOPS, 40 mg/ml ethidium bromide and bromophenol blue. RNA samples were denatured at 65°C for 10 min and chilled on ice before loading into a formaldehyde gel. Samples were run in a gel containing 1.2% agarose, 1X MOPs and 6.7% formaldehyde at 42 V for 3-4 h in 1X MOPS buffer. The RNA in the gel was then blotted onto a nylon membrane by capillary action overnight in the presence of 20X SSC. All steps were performed under RNase free conditions.
The blot was probed using a 32 P-labelled 800 bp fragment of DNA corresponding to the RORb sequence amplified by degenerate RT-PCR. It spans sequence coding for the DNA binding domain and the ligand binding domain. The 32 P labelling was carried out by random priming using a commercially available kit (Megaprime Kit; Amersham). Final stringency washes were 0.25X SSC at 65°C.
All the blots probed for RORb were also probed for bactin in order to normalize for differences in amount of total RNA loaded.
In situ hybridization
Probe synthesis
Antisense and sense probes were selected from partial sequences of RORb which had been cloned in both directions into the TA cloning vector (pCR vector, Invitrogen). Linearization of the plasmids was carried out by HindIII restriction digests. Linearized plasmids were phenol/chloroform extracted followed by ethanol precipitation. Riboprobe synthesis was carried out using 2.5 mg of prepared template. To label the probe, DIG-labelled UTP (Boehringer Mannheim) was added to the NTP mix (made up from 25 mmol NTP stocks; Pharmacia) in a ratio of 1:1.86 (labelled vs. unlabelled UTP). The final reaction mixture contained, in addition to the template, 500 mM NTP mix, 1X T7 buffer (Gibco BRL), 10 mM DTT, 10 units of RNasin (Promega), and 90 units of T7 polymerase (Gibco BRL). This mixture was incubated for 2 h at 37°C. Subsequently, 2.5 mL of RNase-free DNase I (Boehringer Mannheim) was added to each reaction and incubated at 37°C for 10 min. The riboprobes were ethanol precipitated overnight. Probes were hydrolyzed in the presence of 60 mM sodium bicarbonate and 90 mM sodium carbonate at 60°C for 45 min-1 h. After ethanol precipitation, probes were dissolved in DEPC water, quantified by spectrophotometry and gel analyzed for extent of hydrolysis. Probes were then diluted to a concentration of 10 mg/ml in prehybridization solution (see below) and stored at −20°C.
Tissue processing
All tissues for in situ hybridization were processed under RNase free conditions. All solutions used were DEPC treated. For in situ hybridization of sections, eyes were removed from embryos or newborn animals at various stages of development (E15-P8). For very early stages of development (E12-13), whole embryos were processed and the eyes examined. In all cases except at the earliest stages (E13.5-E15), the lens was removed before processing. Tissues were fixed in 4% paraformaldehyde in a 5% sucrose solution for 1-2 h at 4°C. They were then carried through a sucrose series consisting of 10, 15 and 20% sucrose solutions. Eye cups were then embedded in OCT compound (Tissue Tek) and 12 mm cryosections were mounted onto Superfrost Plus (Fisher) slides. Slides were dried at 37°C for 10-20 min before storing at −70°C. For whole mount in situ hybridizations, retinas were dissected under RNase free conditions in PBS containing 2 mM EGTA. Retinas were fixed in 4% formaldehyde in PBS/EGTA for 1-2 h at room temperature or overnight at 4°C. Tissues were then washed twice in PBS containing 0.1% Tween-20 (PTw). After further washing in 50% methanol in PTw and 100% methanol in PTw, retinas were stored at −20°C for periods of less than 1 month.
In situ hybridization and detection of signal
The protocol for in situ hybridization of cryosections is a modification of one developed by Schaeren-Weimers and Gerfin-Moser (1993) . Slides stored at −70°C were thawed to room temperature. The sections were fixed for 10 min with 4% paraformaldehyde and then rinsed with phosphate buffered saline (PBS). To enhance signal, sections were treated with proteinase K (2 mg/ml) for 15 min and then post-fixed with 4% paraformaldehyde. To reduce background, sections were acetylated in a buffer containing 0.1 M triethanolamine, pH 7-8. Acetic anhydride was added to the buffer dropwise over a period of 10 min with constant agitation. Slides were incubated in the acetic anhydride solution for another 10 min, after which another dose of acetic anhydride was added dropwise over a period of 2 min with agitation. Slides were then washed in PBS and the sections permeabilized with 1% Triton X-100 for 5 min. After extensive washing with PBS to remove the detergent, prehybridization solution (50% formamide, 5X SSC, 5X Denhardt's solutions, 250 mg/ml yeast tRNA, 500 mg/ml Herring sperm DNA) was applied to the slides and left for a minimum of 2 h at room temperature. After prehybridization, probes were diluted to a concentration of 250 ng/ml in prehybridization solution. Both antisense and sense probes were used in the same experiment on adjacent sections. Probes were then heated at 85°C for 10 min and chilled on ice before applying to sections. Hybridization was carried out at 72°C overnight in a humidified container. The next day, the slides were washed 5 min at 72°C with 5X SSC, followed by a 1 h wash with 0.2X SSC at 72°C. The slides were then cooled to room temperature before carrying out the detection protocol. First, slides were washed in Buffer B1 (0.1 M maleic acid, 0.15 M NaCl; pH 7.5). Sections were then blocked in Buffer B2, consisting of 1% blocking reagent (Boehringer-Mannheim) in Buffer B1, for at least 1 h. An antibody to digoxigenin conjugated to alkaline phosphatase (Boehringer Mannheim) diluted 1:2500 in Buffer B2 was then applied for 1-2 h. After washing in Buffer B1, the sections were briefly incubated in Buffer B3 (100 mM Tris; pH 9.5, 100 mM NaCl, 5 mM MgCl 2 ) before applying the colour reagent, containing nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in Buffer B3, with 2 mM levamisole. The reaction was allowed to develop in the dark over a period of 2 h to overnight. Reactions were stopped with Tris-EDTA, pH 7.5, and sections were postfixed in 4% paraformaldehyde. After rinsing in PBS and water, sections were dried and mounted in Fluoromount (Southern Biotechnology Associates).
The whole-mount in situ hybridization procedure used is the same as that used by Henrique et al. (1995) . Briefly, retinas were treated with 10 mg/ml proteinase K for variable amounts of time depending on the age of the tissue. For E18 retinas, treatment was for 20 min; for P0 and P2 retinas, treatment was for 40 min. After proteinase K treatment, tissues were washed in PTw and then fixed in 4% formaldhyde/ 0.1% glutaraldehyde in PTw. After further washes in PTw, tissues were hybridized overnight at 65°C in hybridization solution (50% formamide, 1.3X SSC, 5 mM EDTA, 50 mg/ml tRNA, 0.2% Tween-20, 0.5% CHAPS, 100 mg/ml heparin) containing 1 mg/ml DIG-labelled probe. Posthybridization washes were followed by extensive blocking in 2% Blocking Reagent and 20% goat serum in a maleic acid buffer, before an alkaline phosphatase-conjugated DIG antibody was added. Antibody incubation was overnight at 4°C. After extensive washing, retinas were incubated in a solution containing NBT/BCIP for detection.
Biolistic transfection
The apparatus which was used for all biolistic transfections was the Biolistic PDS-1000/He Particle Delivery System (BioRad). The system consists of a bombardment chamber, which is attached to a vacuum source, and components necessary for the delivery of high pressure helium to the chamber. The helium is released by a rupture disc, which is a plastic disc calibrated to rupture at specific pressures, thus propelling DNA-coated gold particles towards the target tissue. The gold particles used were 1.6 mm in size. Gold particles were coated with DNA using the following method: While continuously vortexing, 5 ml of 1 mg/ml plasmid DNA was added to 3 mg (suspended in 50 ml of water) of gold particles in a microfuge tube. This was followed, in order, by 50 ml of 2.5 M CaCl 2 , and 20 ml 0.1 M spermidine to precipitate the DNA onto the gold particles.
Gold particles were then washed several times in ethanol by repeated pelleting and vortexing. 10 ml of suspended DNAcoated gold particles were then applied to the centre of plastic macrocarrier discs, and allowed to dry.
For each bombardment, a 1100 psi rupture disc was used. The macrocarrier holding the DNA-coated gold particles was mounted 1.5 cm above a stopping screen, which halts the macrocarrier after a short distance, while allowing for the DNA-coated gold particles to continue accelerating towards the tissue. Just before bombardment, retinas to be transfected were oriented. The retinas were manipulated with forceps under a dissecting microscope so that the ventricular side of the retinas (where the progenitor cells are localized) was facing up. This exposes the progenitor cells as the primary targets of transfection. As much tissue culture media as possible was then removed from the culture dish, and the retinas were centrally positioned with respect to the source of gold particles so that as many particles as possible penetrated the tissue without destroying it. Retinas were positioned 3 cm below the stopping screen. After creating a vacuum within the bombardment chamber, helium was released into the chamber, thus propelling the gold particles towards the tissue. After bombardment, the vacuum was quickly released, the tissue removed from the chamber, and culture medium re-introduced to the dish. The retinas were then cultured for an additional 1-3 days. Tissue culture medium is as described in Kelley et al. (1994) , but with 5% foetal calf serum. EGF was added to some wells at a concentration of 40 ng/ml.
Plasmids
For the transfections described here, we used the following plasmids. The bgalactosidase expression construct consists of bgalactosidase driven by a CMV promoter in a pCS2 + plasmid designed by Dave Turner (University of Michigan, Mental Health Research Institute) and Ralph Rupp (Friedrich-Miescher Laboratorium, Tübingen, Germany). The GFP expression construct (peGFP/Zeo) was provided by David Underhill (University of Washington), and consists of eGFP (Clonetech) driven by a CMV promoter cloned into cDNA3.1/Zeo (Invitrogen). The RORb expression construct was isolated from a P0 rat retinal library cloned into a Zap Express vector (Stratagene). The plasmid contains a full-length cDNA representing the 2 kb transcript of RORb driven by a CMV promoter. The truncated RORb expression construct (DRORb) was generated using PCR primers from the full length RORb cDNA but devoid of the AF-2 transactivation domain: 5′CAT-CTCGAGATGCGAGCACAAATTGAAGT3′ and 5′CAT-TCTAGATGGAGGAAACAGTGTATTCAC3′. To maintain the accuracy of upstream sequences, Pfu polymerase (Stratagene) was used in the PCR amplification. PCR fragments were cloned into a pCS2 + vector in frame with a myc-epitope tag at the C-terminus of RORb, and expression was driven by the CMV promoter.
The plasmid encoding Pax6 consists of the pBluescript SK(−) vector with a 1.6 kb insert coding for mouse Pax6 (ATCC). The Chx10 vector is a pCR-Script SK(+) plasmid containing a 950 bp insert coding for mouse Chx10. The Nmyc plasmid was a gift from Ron DePinho (Albert Einstein University) which contains a 560 bp insert of mouse N-myc in an pSP64 vector.
Xgal staining
Retinas were fixed for 1-2 h at room temperature or overnight at 4°C in 4% paraformaldehyde. They were then washed three times in PBS and incubated overnight at 37°C in Xgal staining solution containing 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 2 mM MgCl 2 in PBS. The next day, the staining solution was removed and the retinas were washed three times with PBS.
Confocal microscopy
Confocal images were collected using a Nikon OptiPhot microscope and a BioRad MRC 600 confocal imaging instrument, located in the W. M. Keck Center for Advanced Studies in Neural Signalling at the University of Washington.
Ocular retardation mice
Ocular retardation J mice were obtained from Jackson Laboratories and housed in the University of Washington Health Sciences Complex animal facilities. To obtain eye tissue for studies, animals were mated and newborn pups were sacrificed. Retinas were dissected at P0, and placed in Trizol solution for RNA extraction as described above.
